I ntestinal homeostasis depends on proper interactions between mucosal immunity and intestinal flora, and intestinal infection or inflammation may occur when the interactions go awry. For example, inflammatory bowel disease, an autoimmune disease with two main forms, Crohn's disease (CD) and ulcerative colitis, is generally thought to develop from an aberrant immune response to intestinal commensal bacteria.
Paneth cells play a vital role in intestinal homeostasis, and their dysfunction may underlie the pathogenesis of inflammatory bowel disease. Paneth cells secrete a large amount of bactericidal factors into the intestinal lumen. The Paneth cell-derived bactericidal factors include lysozyme, Reg3g, phospholipase PLA2G2A, defensins, and others (1, 2) . For convenience, all of the Paneth cell-derived bactericidal factors, including PLA2G2A and lysozyme, despite their large m.w., are hereafter collectively referred to as antimicrobial peptides (AMPs). A number of studies have shown that Paneth cells are critical for the reciprocal relationships between the intestinal epithelium and commensal bacteria by responding to colonization by intestinal bacteria in different ways. For example, Paneth cells upregulate the transcription of a number of AMPs upon colonization by commensal bacteria (3) (4) (5) . Paneth cells increase AMP secretion upon sensing intestinal bacteria (6) . More recently, Paneth cells were found to selectively direct intracellular sorting of lysozyme in response to intestinal bacteria (7) .
Abnormalities in Paneth cells are often noted in CD patients (8, 9) . Studies in murine models have shown that a number of CD risk factors specifically affect different cellular processes in Paneth cells (10) (11) (12) (13) , suggesting a causal role for Paneth cell dysfunction in intestinal inflammation. Deletion of the unfolded-protein response transcription factor Xbp1 in mouse intestinal epithelium results in endoplasmic reticulum (ER) stress, a lack of bactericidal factors in Paneth cells, and spontaneous enteritis (10) . Atg16L1, an essential gene for autophagy, is required in Paneth cells for proper secretion of lysozyme following norovirus infection in mice (12, 13) . Nod2 has been shown to regulate the expression of a subset of defensins in Paneth cells, an effect that might depend on specific genetic background (3, (14) (15) (16) (17) . Nod2 also participates in the lysozyme-sorting process, and Nod2 deficiency leads to lysosomal degradation of lysozyme in Paneth cells (7) . Therefore, abnormalities in pathways within Paneth cells, including AMP production, sorting, and secretion, all likely contribute to the pathogenesis of CD.
Paneth cell-derived AMPs are synthesized in the ER and sorted into specialized secretory dense core vesicles (DCVs) through the Golgi network (18) . After budding off the Golgi network, AMPcontaining DCVs undergo maturation, during which non-DCVdestined cargos are directed to the endosomal-lysosomal route.
Little is known about the mechanisms that determine how DCV cargos, namely AMPs, are retained in DCVs during the maturation process. Our previous study revealed that intestinal bacteria regulate intracellular cargo sorting in Paneth cells (7) . The absence of intestinal bacteria in germ-free (GF) mice leads to lysozyme being mistargeted to lysosomes for degradation and a marked reduction in lysozyme in the intestinal lumen. Correct sorting of lysozyme during DCV maturation in conventionally raised mice requires Nod2. Mechanistically, upon sensing its cognate ligand, Nod2 recruits LRRK2 and Rab2a onto the DCV surface to direct lysozyme sorting during DCV maturation. This bacterium-directed sorting is a lysozyme-specific phenomenon, because sorting of other AMPs is not altered in GF mice or Nod2 2/2 mice.
Nod2 and its homolog Nod1 are the founding members of the Nod-like receptor family, which detect intracellular bacteria by sensing bacterial peptidoglycan (PGN). Nod1 is more widely expressed, whereas Nod2 expression is limited to certain cell types, including Paneth cells and hematopoietic cells (19, 20) . Nod1 and Nod2 share a common pathway in initiating a proinflammatory response that is dependent on activation of NF-kB and MAPKs by recruiting the adaptor protein Rip2 (21) . Nod proteins undergo oligomerization upon binding PGN fragments, which results in recruitment and activation of Rip2 (21) (22) (23) . Rip2-deficient macrophages do not respond to Nod1 or Nod2 ligands (24, 25) . Activation of Rip2 recruits and activates the TGF-b-activating kinase 1 (TAK1)-TAK1-binding protein (TAB)2-TAB3 complex, which subsequently activates the canonical NF-kB pathway and MAPK signaling pathway to induce inflammatory responses (26) .
It is unknown whether Nod2-directed lysozyme sorting requires other essential components in the known Nod2-Rip2-TAK1-NF-kB signaling pathway. Notably, Rip2 also locates to a CDsusceptibility locus (27) . In this study, we sought to determine whether Rip2 is implicated in the Nod2-mediated lysozymesorting process.
Materials and Methods
Mice Rip2 2/2 , Lrrk2 2/2 , and Nod2 2/2 mice on a C57BL/6J background were described previously (7, 23) . All specific pathogen-free (SPF) mice, including wild-type (WT) C57BL/6J mice, were bred and housed in an American Association for the Accreditation of Laboratory Animal Careaccredited barrier facility for SPF mice at Tsinghua University. The facility is routinely monitored for the absence of specific infectious agents, including murine norovirus and Helicobacter. GF C57BL/6J mice were maintained in GF conditions in vinyl isolators in the animal facility. Mice were euthanized immediately upon being taken out of isolators. Animals were used according to protocols approved by the Institutional Animal Care and Use Committee.
GF C57BL/6J mice were bred and maintained in GF conditions in vinyl isolators in the animal facility at Third Military Medical University and used according to protocols approved by the Institutional Animal Care and Use Committee. The GF status was routinely confirmed by in-house aerobic and anaerobic cultures of feces. Mice were euthanized immediately upon being taken out of isolators. Bacterial colonization of GF mice was performed by inoculating GF mice with feces from SPF mice for 2 wk before analysis.
Abs
The following primary Abs were used: anti-LRRK2 (Epitomics; MJFF2 c41-2), anti-lysozyme (Abcam; ab36362), anti-Rab2a (sc-28567), anti-Rab10 (sc-6564), Nod2 Ab (H-300) (all from Santa Cruz Biotechnology; sc-30199), Rip2 Abs for immunostaining (Abcam; ab8428) and for immunoblotting (Abnova; H0000876-M02), and anti-actin (Sigma; AC15). The PerCP-Cy5.5-conjugated anti-CD24 Ab was from eBioscience. A rabbit anti-procryptdin Ab was developed in-house, as described previously (7) . Fluorophore-conjugated secondary Abs were from Invitrogen.
Reagents
All chemical reagents were from Sigma, unless otherwise specified. The TAK1 inhibitor 5Z-7-oxozeaenol was from Calbiochem (499610). GSK583 and WEHI-345 were purchased from MedchemExpress.
Isolation of CD24 + Paneth cells
Crypts from small intestine were isolated as described (7) . Briefly, mice were euthanized, and a 5-cm section of distal ileum was harvested. The distal ileum with fat and connective tissues removed was flushed with cold PBS and opened longitudinally. Then the tissue was washed vigorously in cold PBS, chopped into ,3-4 mm 2 pieces, and incubated with 2 ml of 0.1% collagenase solution at 37˚C for 30 min. The digestion reaction was mixed by pipetting up and down every 5 min. The digestion was repeated for another 30 min in 2 ml of fresh 0.1% collagenase solution. When ∼70% of the crypts were released, 10 ml of cold PBS was added to stop the digestion. The released crypts were filtered through a 70-mm cell strainer and pelleted by centrifugation at 100 3 g for 5 min. A further digestion with TrypLE Express, supplemented with 2000 U/ml DNase I, was performed to isolate single cells. The resulting single cells were stained with a PerCP-Cy5.5-conjugated anti-CD24 Ab in PBS supplemented with 2% FBS. Labeled single cells were sorted into two populations, CD24 2 and CD24 + , which were collected and subjected to immunoblotting analysis.
Gastrointestinal Listeria monocytogenes infection
Gastrointestinal L. monocytogenes infection was performed as described (7) . Briefly, sex-and age-matched (6-8-wk-old) WT and Rip2 2/2 littermates were used for the infection experiments, which were performed under BL2 conditions. Mice were infected via gastric gavage with 10 9 L. monocytogenes strain 10403s per mouse. Bacterial burden, measured in CFU, was assayed. Feces were collected under sterile conditions 10 h postinfection, and bacterial burden was presented as CFU/mg dry weight.
Recombinant lysozyme supplementation
Sex-and age-matched (6-8-wk-old) WT and Rip2 2/2 littermates were fed 100 mg/kg recombinant lysozyme (Sigma) or PBS by gastric gavage every 24 h for seven consecutive days. Twenty-four hours after the final treatment, mice were infected with 10 9 L. monocytogenes by gastric gavage. Bacterial burden was measured as described above.
Fluorescent immunohistochemical staining of tissue sections
Staining of tissue sections was performed as described (7) . Briefly, tissue slices (6 mm thick) from paraffin-embedded murine ileum of different genotypes were mounted on positively charged glass and dewaxed. Slides were blocked with PBS supplemented with 10% normal goat serum after Ag retrieval in 0.01 M sodium citrate buffer (pH 6) for 25 min in a boiling steamer. Tissue slides were then labeled with primary Abs at 4˚C overnight and with fluorophore-conjugated secondary Abs at room temperature (RT) for 2 h. Goat serum (10%) was present throughout all Ab incubation steps. Slides were washed with PBS three times for 5 min between each incubation step, counterstained with TO-PRO-3, and mounted in Fluoromount-G (Southern Biotech). Confocal images were obtained with a Zeiss LSM 700 imaging system under 633 oil objectives.
In vivo muramyl dipeptide treatment of GF mice GF mice in vinyl isolators were administered muramyl dipeptide (MDP) orally (500 mg per mouse) in 100 ml of endotoxin-free PBS, or PBS (sham) twice, 12 h apart. Four hours after the second treatment, mice were sacrificed, and intestinal tissues were harvested.
Intestinal organoid culture and treatment
Intestinal organoids were cultured as previously described (7) . Briefly, crypts were isolated from small intestine as described above. Pelleted crypts (∼500) were suspended in 50 ml of Matrigel (Invitrogen) and plated in a 24-well plate, supplemented with 500 ml of growth medium per well. Growth medium was changed every 3 or 4 d. Every week, organoids were retrieved from the Matrigel, dissociated mechanically, mixed with fresh Matrigel, and plated into a 24-well plate. Organoid growth medium contained Advanced DMEM/F12 with L-glutamine, 1% Pen/Strep, 10 mM HEPES (all from Invitrogen), N2 supplement 1:100 (R&D Systems), B27 supplement 1:50 (Invitrogen), 10 ng/ml Wnt-3a, 50 ng/ml EGF, 100 ng/ml Noggin, and 500 ng/ml R-spondin (all from PeproTech).
Cultured organoids were treated with leupeptin (100 mM), gefitinib (2.5 mM), GSK583 (5 mM), WEHI-345 (2.5 mM), or 5Z-7-oxozeaenol (20 nM) or were mock treated for 16 h in growth medium before being washed, fixed, and processed for immunostaining, or alternatively, harvested for immunoblotting.
Image-based quantification of positively stained DCVs
Quantification was performed by a blinded investigator. DCVs in 30 Paneth cells from each individual animal were quantified. Results from the specified number of animals were averaged and plotted using GraphPad Prism software.
Immunofluorescence staining of cultured organoids
For staining, organoids were grown on glass coverslips. After the indicated treatment, organoids were washed with ice-cold PBS once and fixed with ice-cold 4% paraformaldehyde in PBS for 15 min. After PBS washes, organoids were blocked with Ab dilution buffer (PBS supplemented with 10% goat serum and 0.1% saponin) for 30 min and incubated with primary Abs at 4˚C overnight, followed by fluorophoreconjugated secondary Abs at RT for 2 h. Washing with PBS containing 0.1% Tween-20 was performed three times for each step. After coverslips were mounted onto slides in Fluoromount-G and air dried, confocal images were obtained with a Zeiss LSM 700 imaging system under a 633 oil objective.
Whole-mount immunofluorescence staining
After mice were euthanized, ileal sections were harvested, opened longitudinally with the adipose tissues stripped off, and fixed with 4% paraformaldehyde in PBS for 1 h. After PBS washes, ileal tissues were labeled with an anti-lysozyme Ab in PBS supplemented with 10% normal goat serum for 2 h at RT. After PBS washes, tissues were incubated with FITCconjugated Helix pomatia lectin (Invitrogen; L11271) and PE-conjugated anti-mouse IgG1 secondary Ab for 2 h at RT. Tissues were mounted on glass slides and examined under a Nikon Eclipse 90i automated fluorescence microscope with a 103 objective.
Isolation and quantification of mRNA
RNA was extracted with TRIzol Reagent (Invitrogen), following the manufacturer's instructions. cDNA was transcribed using a PrimerScript RT Reagent Kit (Takara). Quantitative PCR (Q-PCR) reactions were performed in triplicate using Light Cycler SYBR Green DNA Master Mix (Takara) on an ABI 7500 thermal cycler. The following thermal cycling conditions were used: 50˚C for 2 min, 95C for 10 min, 40 cycles of 95˚C for 15 s, and 60˚C for 1 min. The specificity of Q-PCR was verified with melting curves of each PCR reaction. The level of target mRNA was determined by the difference of cycle threshold values between the target and loading control. The level of mouse GAPDH mRNA was used as the control to normalize loading. The following primers were used for Q-PCR: mouse Rip2-Forward: 59-ATCCCGTACCACAAGCTCG-39; mouse Rip2-Reverse: 59-GGATGTGTAGGTGCTTCACTG-39; mouse lysozyme1-Forward: 59-GCCAAGGTCTACAATCGTTGTGAGTTG-39; mouse lysozyme1-Reverse: 59-GCCAAGGTCTACAATCGTTGTGAGTTG-39; mouse GAPDH-Forward: 59-GGTCCTCAGTGTAGCCCAAG-39; and mouse GAPDH-Reverse: 59-AATGTGTCCGTCGTGGATCT-39.
Statistical analysis
The statistical tests used are stated in the individual figure legends. GraphPad Prism software was used for calculations. The results are expressed as the mean 6 SEM, unless otherwise indicated.
Results

Paneth cells express a high level of Rip2
To determine whether Rip2 was involved in Nod2-mediated lysozyme sorting in Paneth cells, we first examined whether Rip2 was expressed in Paneth cells. We isolated Paneth cells from WT murine ileum using the surface marker CD24 (28) . Rip2 mRNA was highly enriched in CD24 + Paneth cells ( Fig. 1A) . Immunoblotting analysis also detected Rip2 in purified CD24 + Paneth cells (Fig. 1B) . The immunoblotting was validated by detection of Rip2 in bone marrow cells from WT and Rip2 2/2 mice (Fig. 1B) . Notably, the expression of Rip2 was not exclusive to Paneth cells; it was also detected in CD24 2 cells. Thus, Paneth cells, as well as regular epithelial cells, express Rip2.
Localization of Nod2 to the DCV surface in Paneth cells is required for lysozyme sorting; thus, we examined the cellular distribution of Rip2 in Paneth cells. DCVs were labeled with an Ab that detects their authentic cargo, procryptdin. Immunofluorescence staining of Rip2 in ileal sections from WT mice revealed that it was highly concentrated on the procryptdin + DCV surface (Fig. 1C) . To validate our immunostaining results, we performed immunostaining on ileal sections from Rip2 2/2 mice in parallel and found that there was no notable Rip2 signal. Therefore, Rip2 localizes on the DCV surface in Paneth cells.
The presence of microbiota promotes DCV localization of Rip2
The localization of Nod2 on DCVs depends on the presence of intestinal microbiota. To determine whether commensal bacteria also regulate DCV recruitment of Rip2, we compared the cellular distribution of Rip2 in conventionally raised SPF mice, GF mice, and GF mice colonized with conventional microbiota (Ex-GF). Because the Abs against Rip2 and procryptdin were rabbit derived, we chose a DCV-localized GTPase, Rab10, as the marker for DCVs in Paneth cells. Rab10 colocalized well with procryptdin in Paneth cells, and its DCV localization did not depend on the presence of microbiota, Nod2, or LRRK2 (7) . Compared with SPF mice, the DCV localization of Rip2 in GF mice was greatly reduced ( Fig. 2A, 2B ). Colonization with intestinal flora restored the DCV localization of Rip2, as shown in Ex-GF samples ( Fig. 2A,  2B ). Furthermore, treatment of GF mice with the Nod2 cognate ligand MDP restored the localization of Rip2 on the DCV surface, suggesting that Nod2 signaling was involved (Fig. 2C) . Therefore, DCV localization of Rip2 also depends on Nod2 binding its ligand.
Rip2 deficiency renders Paneth cells devoid of lysozyme in mature DCVs
DCVs undergo a maturation process after budding off the trans-Golgi network, during which DCV cargos are condensed, and non-DCV-destined cargos are redirected to the endosome/ lysosome route. DCVs travel toward the plasma membrane during maturation. Thus, in polarized cells, such as Paneth cells, the relative cellular localization of DCVs reveals their maturation status: more mature DCVs, which are ready for release, are located on the apical side, whereas the relatively nascent and immature DCVs, referred to in this article as subapical, are located away from the apical side. The sorting of lysozyme during DCV maturation depends on sensing of PGN by Nod2. In Nod2 2/2 Paneth cells, lysozyme is mistargeted to lysosomes for degradation so that lysozyme is present in a few subapical immature DCVs but not in apical mature DCVs (7) . To determine whether Rip2 is also involved in the lysozyme-sorting process, we performed immunostaining of lysozyme in ileal crypts from WT and Rip2 2/2 mice. In WT crypts, lysozyme and procryptdin colocalized well in DCVs (Fig. 3A) , which was confirmed by quantification ( Fig. 3B ). However, in Rip2 2/2 crypts, lysozyme staining was observed mostly in the subapical immature DCVs (Fig. 3A, 3B ). The phenomenon that lysozyme staining in Rip2 2/2 crypts was restricted to subapical immature DCVs (Fig. 3A , dashed boxes) suggests that there is probably a gradual loss of lysozyme during DCV maturation, similar to the defect observed in Nod2 2/2 Paneth cells. Therefore, we used Q-PCR analysis to quantify lysozyme mRNA in WT and Rip2 2/2 crypts. Q-PCR analysis showed comparable levels of lysozyme in crypts isolated from WT and Rip2 2/2 mice (Fig. 3C) . Thus, the reduced amount of lysozyme in Rip2 2/2 Paneth cells was likely due to a defect in a posttranslational process, such as an altered cargosorting process. To examine whether lysozyme was degraded in lysosomes in Rip2 2/2 Paneth cells, we cultured small intestinal organoids. These organoids contained authentic Paneth cells that could be visualized by procryptdin staining (28) . Consistent with our in vivo observation, lysozyme was readily detectable in WT Paneth cells but markedly reduced in Rip2 2/2 Paneth cells (Supplemental Fig. 1 ). Furthermore, we treated Rip2 2/2 organoids with leupeptin, a lysosome inhibitor. Compared with DMSO treatment, leupeptin treatment restored lysozyme staining in cultured Rip2 2/2 Paneth cells (Fig. 3D) . Staining of whole mounts of ileum showed colocalization of lysozyme with mucus (detected by lectin-Helix pomatia agglutinin staining) in the intestinal lumen of WT mice; however, lysozyme staining was significantly reduced in the intestinal lumen of Rip2 2/2 mice (Supplemental Fig.  2A ). In comparison, procryptdin staining in the intestinal lumen was similar in WT and Rip2 2/2 mice (Supplemental Fig. 2B ), indicating normal DCV exocytosis. Thus, similar to defects observed in Nod2 2/2 or Lrrk2 2/2 Paneth cells (7), Rip2 deficiency leads to a specific impairment in the sorting process for lysozyme but not other cargos, such as procryptdin, in Paneth cells.
To examine whether reduced lysozyme in Rip2 2/2 Paneth cells impairs bacterial clearance in the gastrointestinal tract, we orally challenged WT and Rip2 2/2 mice with L. monocytogenes. We found that Rip2 deficiency led to more L. monocytogenes present in feces (Supplemental Fig. 2C ), indicating less bactericidal activity. Furthermore, supplementation with recombinant lysozyme restored bacterial clearance in Rip2 2/2 mice (Supplemental Fig.  2C ), indicating that the reduced level of lysozyme in Rip2 2/2 mice contributed to reduced bacterial control.
Small GTPases are the master regulators of intracellular membrane trafficking. Rab2a is a small GTPase that has been implicated in directing ER-Golgi trafficking and cargo sorting during DCV maturation (29) . Although Rab2a and Rab10 localize to DCVs in Paneth cells, Rab2a is required for lysozyme sorting during DCV maturation (7) . Because Rab2a is the key small GTPase required for lysozyme sorting, we sought to determine whether Rip2 participated in lysozyme sorting through a Rab2adependent pathway. We first examined the DCV localization of Rab2a in WT and Rip2 2/2 Paneth cells. Because the Abs against Rab2a and procryptdin were rabbit derived, and the Ab against Rab10 was mouse derived, we used Rab10 in place of procryptdin to mark DCVs in Paneth cells. Rab2a staining was ubiquitous on Rab10 + DCVs in WT cells (Fig. 4A) , whereas, in Rip2 2/2 Paneth cells, Rab2a staining was absent from apical mature DCVs but was present on the subapical immature DCVs (Fig. 4A) . The data on DCV localization of Rab2a in WT and Rip2 2/2 Paneth cells are quantified in Fig. 4B , which shows a significant reduction in Rab2a DCV localization in Rip2 2/2 Paneth cells. Thus, Rip2 is required for lysozyme sorting, likely through regulating DCV targeting of Rab2a.
Rip2 acts downstream of Nod2 and LRRK2 in directing lysozyme sorting
PGN fragments from intestinal microbiota promote DCV localization of Nod2, LRRK2, and Rab2a to direct lysozyme sorting in Paneth cells. We focus hereafter on DCV recruitment of Nod2, LRRK2, and Rip2 to delineate how Rip2 participates in the lysozyme-sorting pathway. To determine whether Rip2 acts downstream of Nod2, we examined the cellular localization of Rip2 in WT and Nod2 2/2 Paneth cells. Compared with WT Paneth cells, the DCV localization of Rip2 in Nod2 2/2 Paneth cells was markedly reduced (Fig. 5A, 5B ), suggesting that Nod2 is required for DCV recruitment of Rip2. Of note, the reduced staining of Rip2 in Nod2 2/2 Paneth cells was not due to a reduced amount of Rip2. Our immunoblotting indicated comparable levels of Rip2 in sorted WT and Nod2 2/2 Paneth cells (Fig. 5C ). Under our experimental conditions, diffuse cytosolic staining is less visible than punctate staining on DCVs. DCV localization of Nod2 in WT and Rip2 2/2 Paneth cells was comparable ( Fig. 5D ), suggesting that it occurs independently of Rip2.
We next sought to determine the DCV localization of LRRK2 and Rip2 in Rip2 2/2 and Lrrk2 2/2 Paneth cells, respectively. The DCV localization of LRRK2 was comparable in WT and Rip2 2/2 Paneth cells (Fig. 6A, 6B ), suggesting that DCV localization of LRRK2 does not require Rip2. However, the DCV localization of Rip2 was markedly reduced in Lrrk2 2/2 Paneth cells compared with WT Paneth cells (Fig. 6C, 6D ), suggesting that DCV localization of Rip2 depends on LRRK2. Thus, these results place Rip2 downstream of LRRK2. Together, our results indicate that a genetic pathway consisting of Nod2-LRRK2-Rip2-Rab2a is required for lysozyme sorting in Paneth cells.
Rip2 kinase activity is not required for lysozyme sorting
To determine whether the kinase activity of Rip2 is required for the Nod2-dependent lysozyme-sorting process, we treated organoids with gefitinib, an inhibitor of the EGFR tyrosine kinase that also inhibits Rip2 kinase activity (30) . Treatment of WT Paneth cells with gefitinib did not alter the staining of lysozyme, even at the highest concentration (2.5 mM) that we used without visible toxicity to cultured organoids (Fig. 7A) . Similarly, treatment of WT Paneth cells with GSK583 or WEHI-345, both of which are specific inhibitors of Rip2 kinase activity, did not alter the staining of lysozyme ( Supplemental Fig. 3A, 3B) . The data suggest that Rip2 kinase activity is not required for lysozyme sorting.
TAK1 is a key kinase downstream of Rip2 in Nod2-mediated NF-kB activation. We sought to determine whether TAK1 is involved in lysozyme sorting. We first determined the TAK1 expression pattern in Paneth cells. TAK1 was detected in isolated crypt cells (Supplemental Fig. 3C ). Immunohistochemical staining showed that TAK1 localized to the DCV surface, but its localization was not changed in Nod2 2/2 and Rip2 2/2 Paneth cells (Supplemental Fig. 3D, 3E ). This probably indicates that TAK1 is not involved in Nod2-mediated lysozyme sorting. To further determine whether the kinase activity of TAK1 was involved, we treated cultured organoids with 5Z-7-oxozeaenol, a TAK1 inhibitor. Treatment with this TAK1 inhibitor did not affect lysozyme staining in Paneth cells (Fig. 7B) . Thus, taken together, our results suggest that Rip2 kinase activity and TAK1 are not involved in lysozyme sorting.
Discussion
In this study, we uncovered a role for Rip2 in lysozyme sorting in Paneth cells using our genetic approach. By immunostaining, we found that Rip2 is highly expressed in Paneth cells and localizes to the DCV surface. Rip2 deficiency caused a marked reduction in lysozyme in apical mature DCVs, suggesting a sorting defect during DCV maturation. Consistent with this, lysosome inhibition restored lysozyme in cultured Rip2 2/2 Paneth cells, and Rip2 deficiency reduced the DCV localization of Rab2a on apical mature DCVs. These results demonstrated that Rip2 is indeed involved in lysozyme sorting in Paneth cells, most likely in a Rab2a-dependent manner. Nod2 and LRRK2 are required for DCV localization of Rip2 but not vice versa. Using chemical inhibitors, we showed that the kinase activity of Rip2 or TAK1 is not required for lysozyme sorting. Thus, our study finds that lysozyme sorting is regulated by a genetic pathway consisting of Nod2-LRRK2-Rip2-Rab2a in Paneth cells.
In myeloid cells, cytosolic PGN fragments induce autophagy and activate inflammatory signaling (21, 22) . In contrast, as this study and our previous studies show, cytosolic PGN fragments in Paneth cells initiate lysozyme sorting through a Nod2-LRRK2-Rip2-Rab2a pathway. The gut lumen contains abundant free PGN (31) , which may be generated from cleavage of PGN chains by lytic transglycosylases during bacterial cell division. The free PGN may be taken up by Paneth cells through endocytosis, endosomal membrane transporters, transmembrane channels, or bacterial outer membrane vesicles (32) (33) (34) . Therefore, cytosolic PGN in Paneth cells most likely represents microbial signals derived from commensal bacteria and initiates a noninflammatory process of lysozyme sorting. In comparison, intracellular PGN in myeloid cells is more likely to occur as a result of a bacterial infection, which calls for autophagic induction and proinflammatory responses to initiate innate and adaptive immune reactions to eliminate infection. Thus, one pathogen-associated molecular pathway elicits distinct pathways, exemplifying the complexity and versatility of host-microbe interactions.
Although Rip2 is indispensable for NF-kB activation, its role in other Nod2-driven processes can be more complicated and sometimes warrants further investigation. For example, Nod2 induces microRNA-29 expression in human dendritic cells to limit IL-23 release (35) , but it remains to be determined whether this process is Rip2 dependent. Nod2 deficiency leads to abnormalities in intestinal goblet cells and overgrowth of the commensal Bacteroides vulgatus in a Rip2-dependent manner (36) . The requirement for Rip2 in Nod1-and Nod2-mediated autophagy depends on the nature of the cell type and stimuli. Autophagy induced by the Gram-negative bacterium Shigella flexneri is Rip2 independent, because bacteriuminduced autophagy remains intact in Rip2-deficient mouse embryo fibroblasts (37) . In comparison, MDP-induced autophagy depends on Nod2 and Rip2 in the human intestinal epithelial cell line HCT116 or dendritic cells (38, 39) . Similarly, PGN-containing outer membrane vesicles induce autophagy in a manner that is dependent on Nod1 and Rip2 (40) . A recent study showed that ER stress induces inflamma-tion in a Nod1/Nod2-and Rip2-dependent manner (41) . Our study demonstrates a requirement for Rip2 in Nod2-mediated lysozyme sorting in Paneth cells, but in a kinase activity-independent manner, which adds another dimension of complexity to the mechanism by which Rip2 acts as a key mediator downstream of Nod2.
The presence of intestinal microbiota is required for the sorting of lysozyme in Paneth cells (7) . Our data show that MDP enhances the recruitment of Rip2 to the DCV surface in Paneth cells. We suspect that the effect from microbes can be both direct and indirect. On the one hand, MDP from microbes may directly promote DCV localization of Nod2, which subsequently recruits Rip2. On the other hand, signals from microbes may further modulate the expression levels of Nod2, Rip2, and other related proteins in Paneth cells. Thus, the overall effect of enhanced localization of Rip2 on DCVs in the presence of microbes may reflect the complex nature of microbes on host regulation. Nevertheless, Nod2, LRRK2, or Rip2 deficiency results in defective sorting of lysozyme. Furthermore, Nod2 and LRRK2 are required for DCV localization of Rip2, whereas DCV localization of Nod2 or LRRK2 does not require Rip2, indicating that Nod2 and LRRK2 are upstream of Rip2. Because Nod2 is required for LRRK2 localization to DCVs, we propose that a genetic pathway consisting of Nod2-LRRK2-Rip2-Rab2a is responsible for lysozyme sorting in Paneth cells. It is surprising that LRRK2 is required for Rip2 localization to DCVs, because it is generally believed that the interaction between Nod2 and Rip2 should be sufficient to bring Rip2 to the membrane (33) . A likely scenario is that LRRK2 is needed to enhance or stabilize the Nod2-Rip2 complex triggered by commensal bacteriumderived signaling in Paneth cells. Indeed, modifiers of the Nod2-Rip2 complex have been identified. For example, conjugation of lys63-linked or linear-linked polyubiquitin chains to Rip2 by a number of E3 ligases plays a critical role in Nod2-induced NF-kB activation (26, 39, (42) (43) (44) . It is of interest to determine whether LRRK2 indeed modulates the Nod2-Rip2 complex in Paneth cells. A surprising finding is that the kinase activity of Rip2 is not required for the DCV recruitment of Rab2a. Therefore, a likely scenario is that Rip2 directly or indirectly recruits Rab2a onto the DCV surface. Characterizing protein interactions biochemically in Paneth cells is technically challenging because, despite much effort, there is no immortalized Paneth cell line, and primary Paneth cells do not grown in a pure population (45, 46) . Furthermore, DCVs are highly specialized organelles that are only present in neurons and endocrine cells, ruling out the possibility of studying the lysozymesorting process in regular cell lines. Therefore, genetic identification may offer a practical alternative for the identification of important players required in the lysozyme-sorting pathway in Paneth cells.
Nod2 and LRRK2 are encoded by CD-susceptibility genes (16, 17, 47, 48) . Our study reveals that Rip2 participates in lysozyme sorting through a Nod2-LRRK2-Rip2-Rab2a pathway in Paneth cells in response to intestinal commensal bacteria. Our discovery once again highlights the importance of proper host-microbe interactions in maintaining intestinal homeostasis.
